The Tephra2 numerical model for tephra fallout from explosive volcanic eruptions is specifically designed to enable students to probe ideas in model literacy, including code validation and verification, the role of simplifying assumptions, and the concepts of uncertainty and forecasting. This numerical model is implemented on the VHub.org website, a venture in cyberinfrastructure that brings together volcanological models and educational materials. The VHub.org resource provides students with the ability to explore and execute sophisticated numerical models like Tephra2. We present a strategy for using this model to introduce university students to key concepts in the use and evaluation of Tephra2 for probabilistic forecasting of volcanic hazards. Through this critical examination students are encouraged to develop a deeper understanding of the applicability and limitations of hazard models. Although the model and applications are intended for use in both introductory and advanced geoscience courses, they could easily be adapted to work in other disciplines, such as astronomy, physics, computational methods, data analysis, or computer science.
Introduction environment designed to support progress in science and engineering by integrating advanced computing and information processing services available via the Internet (NSF Cyberinfrastructure Council 2007). The VHub.org project aims to promote the generation and advancement of volcanological theories, education, and risk assessment by providing an environment both technologically and sociologically capable of connecting data, computers, and people. To that end, the VHub.org website 1 hosts a collection of numerical models that execute on the hub's servers. This structure negates the need for code installation on a personal computer and enhances the availability of modeling tools for the general public (Valentine et al. 2009 ). Our experience suggests that this cyberinfrastructure can be used to teach students the importance of model verification and validation, to highlight the types of questions that can and cannot be asked of models, and additionally to explore the concept of forecasts in natural hazard assessments.
This paper presents a numerical hazard model we designed to teach fundamental modeling concepts. This model, Tephra2, estimates the dispersion of tephra, fragments of volcanic rock thrown into the air during explosive volcanic eruptions. The Tephra2 student interface implemented on VHub.org is designed to encourage students from a range of disciplines and experience levels to consider issues of model validation, verification, simplifying assumptions, and hazard forecasting in the context of tephra dispersion in the classroom environment. In the following we describe the cyberinfrastructure that makes this possible, briefly describe the tephra dispersion model (Bonadonna et al. 2005; Connor and Connor 2006) , and illustrate the use of the student interface. While the focus is on introductory and advanced geology students, the general concepts, as well as exercises utilizing the Tephra2 model, could be adapted for inclusion in a broader range of courses including for example astronomy, physics, computational methods, data analysis, and computer science.
VHub.org
The VHub.org website is the result of an international effort to promote the integration of volcanology research and risk mitigation. By providing a link between the fields of education, academic research, and volcano observatories, VHub.org aims to promote geoscience education, to facilitate new and collaborative research in volcanology, and to provide a tool for the mitigation of volcanological hazards around the world (Valentine et al. 2009 ). In the process of achieving these goals, VHub.org contributors have populated this cyber-environment with resources that can be utilized to explore concepts not just of volcanology and natural hazards, but of calculus, numerical modeling, and data visualization.
VHub.org is an open access website that provides a platform from which to execute numerical models without needing to download and install the code, or monopolize the computing resources of one's own computer. Students, academics, those responsible for volcano monitoring, and other interested parties are all able to log on to the website and run models, called Online Simulation Tools. Each Online Simulation Tool represents a quantitative scientific model that has been installed on VHub.org, tested, and is ready for public use.
In addition to the numerical simulations, VHub.org offers other resources, many of which are helpful in exploring various concepts of quantitative literacy. For example, Spreadsheets Across the Curriculum: The Physical Volcanology Collection can be found among the VHub.org Educational Resources.
2 These modules use quantitative skills and mathematical problem solving to explore various concepts of physical volcanology. In addition to these modules, various labs, maps, and pre-recorded lecture courses are available. All of these resources have been contributed by VHub.org users and, additionally, all users are welcome to upload their own resources, including lesson plans, homework assignments, models, posters, and other materials which contribute to the advancement of volcanological science, education, and hazard assessment. Although there is no formal peer-review process for contributions to VHub.org, users are encouraged to write informal reviews that include both a rating (between one and five stars) and comments.
Tephra2
Tephra2 is one of the Online Simulation Tools freely available via the VHub.org website. This program is an open source code that numerically simulates the dispersion of tephra. Tutorials, lessons, manuals, and problem sets relating to the model are available on the website, together with the code and resources to execute computer simulations using the code.
The term 'tephra' describes the fragmented material produced by explosive volcanic eruptions irrespective of particle size, composition, or manner of emplacement. Tephra particles range in size from large boulders to very fine ash. Tephra2 calculates the erupted mass per unit area (kg m -2 ) of tephra at specific locations on the ground given a set of eruption conditions specified by the model user. These locations on the ground may be within a few kilometers of the volcano or up to hundreds of kilometers downwind. The model may be used to simulate a historical eruption or to explore possible scenarios for future eruptions. Various model parameters control the size and style of the simulated eruption. Input parameters (Fig. 1) include the prevailing wind speed and direction at the time of the eruption, the maximum height of the erupting column of tephra, the total amount of tephra erupted, and the range of particle sizes erupted. Particles experience column diffusion before being released into the atmosphere at an altitude between the vent altitude and the maximum column height. Particles then fall through a horizontally layered atmosphere, with each layer characterized by a unique wind speed and direction. As particles fall, they experience atmospheric diffusion while simultaneously being advected by the wind in each atmospheric layer before settling onto the surface.
The model uses a simplified mass-conservation equation, the advectiondiffusion equation, to describe the transport and diffusion of volcanic particles through the atmosphere. The advection-diffusion equation is of the type given by Suzuki (1983) :
where x is positive in the mean downwind direction, y is the mean cross-wind direction, and z is vertical; C j is the mass concentration of particles (kg m -3 ) of a given particle-size class, j; w x and w y are the x and y components of the wind velocity (m s -1 ), and vertical wind velocity is assumed to be negligible; K is a horizontal diffusion coefficient for tephra in the atmosphere (m s ) at the source with time. The terminal settling velocity, v ij , is calculated for each particle size, j, released from a height level, l, as a function of the particle's Reynolds number, which varies with atmospheric density (Bonadonna et al. 1998) . Horizontal wind velocity is allowed to vary as a function of height in the atmosphere and assumed to be constant within a specific atmospheric level and with distance from the vent.
The model calculates an analytical solution of this mass-conservation equation by making a number of simplifying assumptions (Suzuki 1983; Lim et al. 2008) . The equation, 
is written for a line plume source where x and y are the coordinates of the center of the bivariate Gaussian distribution and 2 , j i  is the variance of the distribution, which is controlled by atmospheric and horizontal spreading of the plume (Suzuki 1983) .
Using this equation, the program is able to mathematically describe the movement and dispersion of tephra as it leaves the eruption column, falls through a layered atmosphere, and comes to rest on the ground. Model outputs include the mass of tephra accumulation, in units of kg m -2 , and a binned distribution of particle sizes calculated as weight percent of the total mass at specific locations around the erupting volcano. The mass per unit area is often directly used in hazard forecasts, since mass loading by tephra affects infrastructure resilience (Wilson et al. 2012) . Small particle sizes directly affect air quality (due to resuspension of particles in the atmosphere); they also increase an area's susceptibility to flooding (tephra can dramatically impact infiltration rates of meteoric water into the ground; Blong 1984) . The final footprint of deposited tephra predicted by the model is characterized by a Gaussian distribution of erupted material in the crosswind direction and either exponential or power-law thinning in the direction downwind from the vent, depending on varying terminal velocities of the various particles sizes (Pyle 1989; Sparks et al. 1992; Bonadonna et al. 1998; Bonadonna et al. 2005; Lim et al. 2008; Courtland et al. 2012) . Two graphical user interfaces (GUIs) are available to execute the Tephra2 program on the VHub.org website. The research GUI builds the command sequence that runs the model and has been used by multiple researchers to simulate eruption conditions for specific volcanoes from tephra deposits and to forecast the range of possible future activity (Bonadonna et al. 2005; Connor and Connor 2006; Scollo et al. 2008; Volentik et al. 2009; Volentik et al. 2010; Bias and Bonadonna 2011; Longchamp et al. 2011; Fontijn et al. 2011; Johnston et al. 2012; Biass and Bonadonna, in press ). To facilitate model use by users with little or no background knowledge of modeling or volcanology, a student interface ( Fig. 2 ) was designed that restricts input parameters to reasonable ranges and provides explanations (including diagrams) of each parameter so that students can more easily run the model and produce realistic output. Background information is supplied for the explosive eruptions of several volcanoes. Details of how to execute both versions are included in the Tephra2 user manual.
3 Through continued use and fine tuning, it is hoped that the graphical user interface (GUI) will contribute toward an increase in model literacy of its users by facilitating model exploration and encouraging critical thinking about fundamental modeling concepts.
Learning about Numerical Models with Tephra2
Both graduate and undergraduate students at the University of South Florida have interacted with the Tephra2 code via the VHub.org infrastructure with positive results. Graduate students were asked to compare the model with a simplified analytical solution for tephra fallout that they themselves were required to code. Undergraduate student exercises focused on the relationship between model input and output as well as the ability to read a contour plot, perform unit conversions, and compile the results of multiple model runs into a histogram plot. Both assignments are freely available 4 on VHub.org. Notably, the undergraduate class, Natural Hazards of the Earth's Surface, attracts an interdisciplinary group of students. The majority of students in this course were able to execute the code on VHub.org, simulate volcanic eruptions, and interpret results of the simulation. Although not quantitatively assessed, this experience upholds the idea that introductory geology courses are an ideal venue for quantitative concepts (e.g.. Wenner et al. 2009; Campbell et al. 2011) .
The Tephra2 student interface provides students with the opportunity to directly execute a numerical model, the ability to vary the input parameters directly driving the model, and the experience of questioning and interpreting model results. Specifically, students are encouraged to ask: These fundamental questions transcend discipline and are essential aspects of model literacy. To a certain extent these questions also transcend student experience, although the questions are, of course, addressed in varying detail by introductory, upper-level undergraduate and graduate students. In the following we elaborate on how to use Tephra2 and its student interface to explore these questions and associated concepts.
Has the model been verified?
Verification exercises scrutinize the solutions generated by varying the model input parameters over some domain of interest in order to identify possible errors or inconsistencies in the code (Oberkampf and Roy 2010) . Introducing this concept to students raises awareness of the fact that large computer programs often contain code errors or inconsistencies that are continually discovered and corrected through continued use of the program (Carlson and Minerd 2009) .
Students can examine whether the quantitative model is providing reasonable results by comparing the calculated Tephra2 model result with the known effects of various input parameters. For example, the amount of mass that accumulates on the ground after an eruption should be equal to the amount of material ejected from the volcano (tephra does not melt away as snow does, or infiltrate the ground as rainwater does). This can be checked by integrating the mass accumulated at individual points over the entire grid and comparing the result with the user-supplied value for the total mass ejected from the volcano. The student interface implemented on VHub.org calculates this summation for the student to facilitate an easy comparison. Students are given the opportunity to design an effective verification procedure by manipulating the map size and grid point density to create a tephra fallout surface large enough to capture all of the mass and dense enough to provide a representative sampling of the area about the volcano; conversely they can develop an ineffective verification procedure, for example, if a large fraction of the "erupted" tephra falls outside the map domain they have created or if their grid is too coarse to achieve a precise integration. Students can make other assessments by examining the effects of various atmospheric wind profiles on the deposit. If there is no wind present during the eruption then, from the advection-diffusion equation, we expect the deposit to form a series of circular isopachs (contour lines of equal mass per unit area or equal deposit thickness). If the wind is blowing, we expect for these isopachs to be offset predominantly in the direction of maximum wind velocity. By selecting a variety of wind profiles while leaving all other parameters constant, students may confirm that Tephra2 is able to capture the expected general shape for each scenario, examples of which are given in Figure 3 . This exercise provides additional evidence that the translation from mathematical to numerical model was performed correctly. Similar verification methods were used by code developers, as discussed in the Tephra2 manual. 
Has the model been validated?
Model validation strives to ensure that a model is an unbiased representation of reality. During the validation process, model predictions are compared to experimental and/or field data. The degree of validation necessary for a given model depends on the purpose and intended use of the model. By engaging in the validation process, students acquire a better understanding of a model's capabilities, limitations, and suitability to address various questions.
The 1992 eruption of Cerro Negro Volcano is one of several eruptions for which field data have been pre-loaded into the Tephra2 student interface. Cerro Negro is a small-volume basaltic cinder cone in Nicaragua. The second largest city in Nicaragua, Léon, is located approximately 20 km downwind from the volcano and has historically been impacted by tephra fallout from the volcano's largest eruptions. The 1992 event was one such eruption, expelling a total mass of ~2×10 10 kg of tephra and resulting in more than 1 cm of tephra fallout (~10 kg m -2 ) in Léon (Hill et al. 1998) . Tephra thickness data collected at distances 1-13 km from the volcano (Martin 2004) , as well as historically documented eruption parameters, are available to students attempting to model the eruption on VHub.org. With the option 'compare model results to field data' selected, a graph comparing the calculated accumulation of tephra with that observed in the field shortly after the eruption is automatically generated (Fig. 4) . This allows students to validate the Tephra2 model against the 1992 Cerro Negro tephra deposit using observed eruption parameters. Validation exercises conducted by the code developers (e.g., Connor and Connor 2006) involved similar procedures and are discussed in the Tephra2 manual. The straight red line represents perfect agreement between model calculations and tephra measurements made on site. Notice that most dots do not fall on the 1:1 line. The student interface automatically creates and displays this plot when the option to compare calculated tephra amounts with measured field data is selected. The results are scaled by the square root function for easier viewing. The normalized root mean squared error is shown at the top, useful for comparison of data sets.
How much uncertainty is introduced via the input parameters?
A model is only as good as the information that goes into it. Knowing precise values for input parameters such as an exact eruption column height, or a specific grain-size distribution, or the turbulent diffusion coefficient for tephra in the atmosphere, is often impossible. This lack of input parameter precision translates into a loss of accuracy in the model output.
Small changes in the height of the eruption column can have a noticeable effect on the calculated dispersion of tephra. By adjusting this input parameter, students have the ability to recognize the degree to which uncertainty in the model input translates into uncertainty in the thickness of the resultant tephra deposit. Variations in mass loading of tephra of just 100 kg m -2 can mean the difference between structural stability and roof collapse in some areas (Wilson et al. 2012) . By altering the model input parameters slightly and examining the effect that small variations have on the resultant tephra deposit, students can test the sensitivity of the model.
A more subtle point to make to advanced students is that models often include one or more non-physical parameters. In the case of Tephra2, the diffusion coefficient of the atmosphere is implemented as such a parameter. This parameter is used to take into account various factors which are not explicitly defined elsewhere in the code-factors such as the spreading out of the umbrella cloud and the interaction of tephra particles with the atmosphere. This approach greatly simplifies the model by allowing complex processes that are poorly defined to be described by a single parameter. In practice, models like Tephra2 need to be calibrated in order to determine appropriate values for such nonphysical parameters. Students can calibrate Tephra2 against the eruption of Cerro Negro by setting the physical variables to the values on record for the 1992 eruption. The value of the diffusion coefficient can then be altered by a process of guess and check and the result examined to see how variations in this parameter affect the calculation. Once a satisfactory fit to field data is achieved, this value of the parameter may be used to model other eruptions of similar type. Thus the inclusion of non-physical variables which cannot be uniquely defined prior to an event does not prohibit the application of hazard models, provided that the models have been calibrated.
Are the model assumptions appropriate for the hazard scenario?
By confronting situations that the program is not well equipped to model, students may realize the importance of questioning a model before applying it to the situation at hand. All numerical models make simplifying assumptions. Decisions to include or exclude various parameters or processes are examples of model assumptions. Other assumptions might pertain to the way in which model parameters are characterized. Making simplified mathematical approximations allows scientists to solve quantitative problems more efficiently. This can greatly increase computational speed, an important consideration in hazard assessment. But how valid are the assumptions that go into any quantitative model? By addressing assumptions individually, students have the opportunity to gain an understanding of those situations in which a given model should or should not be applied. The student version of Tephra2 is specifically designed to allow students to explore various model assumptions, including the structure of the atmosphere and the aggregation of tephra particles.
The Tephra2 model approximates the atmosphere as a series of vertically stacked layers which are constant in time and in horizontal space and only vary in the vertical dimension. Within each layer wind speed and direction are constant, but between layers they are allowed to vary. Is this a valid assumption? The real atmosphere, as most students realize, does not behave as abstracted in the Tephra2 model. It is composed of eddies, updrafts, and downdrafts, all of which change position over time. By asking students to brainstorm situations in which this parameterization is justifiable (i.e., when the atmosphere displays little temporal variation and when the eruption column does not disperse over great distances), they will hopefully come to realize that this atmospheric characterization works well for some scenarios and poorly for others.
Particle aggregation is an example of a physical process not explicitly taken into account in the Tephra2 model. Very small particles (< 0.125 mm) form aggregates in the atmosphere (e.g. Carey and Sigurdsson 1982; Gilbert and Lane 1994; Bonadonna et al. 2002; Textor et al. 2004; Costa et al. 2010) . This process increases their effective particle size, resulting in dramatically larger particle settling velocities. For eruptions dominated by fine particles, the aggregation process results in one or more secondary thickness maxima in the deposit. After examining a map of the tephra thickness which displays this depositional pattern (Fig. 5) , students could attempt to replicate the secondary maxima by altering their input to the Tephra2 program. However, regardless of the combination of particle sizes and column heights they use, students will not be able to generate a calculation resulting in more than one thickness maxima. This example highlights for students the fact that quantitative models are only valid when applied to the situations that they were designed to investigate.
Model assumptions, including the implementation of model processes and parameters, are justified by model validation exercises. When the numerical simulation of a natural system is capable of providing results that approximate reality to the precision required for a given application, then the assumptions on which the model is based are deemed acceptable. In the case of Tephra2, if the model allows users to construct reliable hazard maps, then it has served its purpose. By exploring model assumptions, students discover that models are designed to evaluate the subset of all possible scenarios to which their simplifying assumptions apply. For a more comprehensive list of major assumptions built into the Tephra2 model, see the Tephra2 manual.
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What are the meanings of probabilistic statements made using the model?
Probabilistic modeling considers a range of input parameters in order to determine the likelihood of multiple outcomes (e.g., Connor et al. 2001; Favalli et al. 2005; Bonadonna 2006; Felpeto et al. 2007; Marzocchi et al. 2008; Connor et al. 2012) . These probabilistic models are obtained by running deterministic models hundreds or thousands of times, varying the input parameters for every run such that the entire range of feasible scenarios is sampled. This enables the possible outcomes of a given scenario to be portrayed without endowing unwarranted certainty to the results. The end result of probabilistic modeling is a forecast. By participating in the generation of a probabilistic hazard assessment, students are 7 https://vhub.org/resources/574/download/Tephra2_Manual.pdf . Ash aggregation is not taken into account in theTephra2 model. Modified from Durant et al. (2009). better able to comprehend the meanings of probabilistic statements derived from model use. As students begin to understand how likely various situations are to occur, they simultaneously develop familiarity with probabilistic modeling in general, increasing the likelihood that they will be able to comprehend similar analyses derived from other applications (Connor 2011) .
Elements of Tephra2, as well as elements of the VHub.org platform itself, have been specifically designed to conduct probabilistic volcanic hazard assessment as a collaborative exercise. As an example, students could be asked to vary the wind field near Cerro Negro volcano (leaving other parameters constant), and record how frequently tephra fallout in Léon exceeds 1 cm, a value capable of damaging waste sewage treatment plants and other critical facilities (Blong 1984) . The Tephra2 student interface allows students to randomly apply one of over 1800 wind profiles derived from REANALYSIS data 8 for Cerro Negro volcano. Students achieve parallelism by running the simulation multiple times, in the process completing a table similar to Table 1 , and then combining the results of the entire class. . Once the worksheet has been completed, students bin the data in order to examine the probability that tephra fallout in Léon will exceed 1 cm given an eruption of Cerro Negro Volcano.
Data compilation is facilitated by incorporating the 'Groups' feature of VHub.org into such an assignment. Students can join a virtual VHub.org group set up by the educator for a specific course. Students can record and discuss model results by posting to the group discussion board. Here individuals can access the entire class dataset while participating in the type of collaborative exercise that cyberinfrastructure is designed to promote. Further instructions on how to utilize the Group feature in such an exercise can be found in the tool's supporting documents.
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Introducing Numerical Hazards Modeling to USF Students
We have not yet developed quantitative assessments of the impacts of using Tephra2 in the classroom on student understanding of numerical models. Nevertheless, the following outlines our experience introducing this numerical model to students.
Early experimentation with Tephra2 in the classroom primarily involved undergraduate non-majors and focused on using the tool to build various quantitative skills including the ability to read a contour map, convert between units, and plot a histogram. Class size fluctuated around 30 students with STEM and non-STEM majors. Few if any students had previous experience with either numerical modeling or geoscience/volcanology. Mathematical aptitude varied widely.
After attending a class lecture on volcanic ash in which the Tephra2 model was introduced, students were asked to use this model to examine the probability of tephra fallout due to an eruption of Cerro Negro volcano as a homework assignment. 10 The assignment walked students through setting up accounts with VHub.org and executing the model. The account setup process went smoothly, and students were able to access the model at their leisure and via the computer of their choice. In general, students were able to execute the model itself without incident. Many of the underlying tasks and ideas, however, proved challenging. These difficulties perhaps best reveal the need for specific attention to basic model literacy. Some students initially found the concept of an input variable difficult. We found that many students were not comfortable relating the name of a variable such as 'maximum eruption column height' with the numerical value of the variable (e.g., 7000) and the variable's units (e.g., meters). Many of these students expressed a general lack of confidence in their ability to execute the model properly. These difficulties with the concepts of input variables and code execution likely stem from a lack of experience with modeling in general or with using computers as tools to solve complex problems. Because these difficulties arose, we suspect that the act of generating output using Tephra2 led to some improvement in students' understanding of numerical models.
Other major difficulties for students in introductory courses related to interpretation of model output. These difficulties included the ability to equate the lines on the contour plot with tephra thickness, the ability to perform unit conversions, and the ability to bin data and create a histogram plot. While each of these concepts was explained to some degree in class, a large number of students required additional, often one-on-one instruction in order to apply each concept or skill to the task at hand.
Though no formal assessment of student learning was performed, many of the undergraduate students expressed appreciation for the chance to execute a research grade numerical model. When submitting the assignment, one student wrote "Thank you for giving us the opportunity to learn about volcanoes in a more interactive way. I learned a lot from this assignment. Although I may have messed up some of the work, I did the best I could!" while another expressed appreciation that they were able to do "real science."
At the other end of the university spectrum of classroom experience, graduate students were asked to write their own version of a simplified tephra dispersion code as one of nine coding assignments during a 16-week semester. Their code involved the dispersion of tephra released from a single height above the erupting volcano in which all tephra was of uniform particle size, and hence uniform settling velocity, and the wind speed and direction were fixed everywhere and uniform. With these assumptions the analytical solution to equation (1) is greatly simplified. Students who successfully implemented this solution in code found that the resulting tephra deposit is a symmetric bivariate Gaussian function, centered on a maximum that is displaced from the volcano as a function of wind velocity and total particle fall time. By comparison with Tephra2 output, graduate students were able to consider the roles of particle-size variation, variation in particle release height within the eruption column, and other factors that lead to more realistic appearing tephra isopach maps. This exercise, which is available online, 11 provides an opportunity to discuss model parsimony and complexity based on students' own experiences.
Discussion and Conclusions
The prevalence of numerical modeling across a broad range of disciplines necessitates a heightened understanding of the concepts of numerical modeling. The abilities to question model applicability and to interpret model results are necessary skills. Students in the geosciences often move on to careers in which they are required to perform hazard assessments, to carry out environmental impact studies, or to determine the quantities and locations of various natural resources (American Geological Institute 2002) . Each of these activities currently involves the application of numerical models. Moreover, if individuals are to participate in current debates over environmental issues relating to everything from nuclear waste disposal to cleanup of superfund sites to regulating carbon dioxide emissions, it is imperative that they understand how numerical models are used to argue all sides of these debates.
Tephra2 as implemented on VHub.org is designed to help students learn to critically assess many aspects of a numerical model. It can be used to help students to understand some basic aspects of numerical models including how to test if a model is a good representation of the real world phenomena it claims to represent, the role of uncertainty in numerical modeling, the benefits, drawbacks, and necessity of simplifying assumptions, and the value of probabilistic (as opposed to deterministic) modeling. Experience using and critically assessing a numerical hazards model is helpful in preparing geoscience students for modern geoscience careers. Moreover, the fundamental skill set involved is applicable to a far broader range of fields embracing not only the traditional science, technology, engineering, and mathematics, but also the profusion of fields that rely on numerical modeling for decision making including, for example, urban planning, finance, public service, military strategy, and healthcare.
